Osteocytes are well evidenced to be the major mechanosensor in bone, responsible for sending signals to the effector cells (osteoblasts and osteoclasts) that carry out bone formation and resorption. Consistent with this hypothesis, it has been shown that osteocytes release various soluble factors (e.g. transforming growth factor-β, nitric oxide, and prostaglandins) that influence osteoblastic and osteoclastic activities when subjected to a variety of mechanical stimuli, including fluid flow, hydrostatic pressure, and mechanical stretching. Recently, low-magnitude, high-frequency (LMHF) vibration (e.g., acceleration less than b 1 × g, where g = 9.81 m/s 2 , at 20-90 Hz) has gained much interest as studies have shown that such mechanical stimulation can positively influence skeletal homeostasis in animals and humans. Although the anabolic and anti-resorptive potential of LMHF vibration is becoming apparent, the signaling pathways that mediate bone adaptation to LMHF vibration are unknown. We hypothesize that osteocytes are the mechanosensor responsible for detecting the vibration stimulation and producing soluble factors that modulate the activity of effector cells. Hence, we applied low-magnitude (0.3 × g) vibrations to osteocyte-like MLO-Y4 cells at various frequencies (30, 60, 90 Hz) for 1 h. We found that osteocytes were sensitive to this vibration stimulus at the transcriptional level: COX-2 maximally increased by 344% at 90 Hz, while RANKL decreased most significantly (−55%, p b 0.01) at 60 Hz. Conditioned medium collected from the vibrated MLO-Y4 cells attenuated the formation of large osteoclasts (≥ 10 nuclei) by 36% (p b 0.05) and the amount of osteoclastic resorption by 20% (p = 0.07). The amount of soluble RANKL (sRANKL) in the conditioned medium was found to be 53% lower in the vibrated group (p b 0.01), while PGE 2 release was also significantly decreased (−61%, p b 0.01). We conclude that osteocytes are able to sense LMHF vibration and respond by producing soluble factors that inhibit osteoclast formation. © 2010 Elsevier Inc. All rights reserved.
Introduction
Bone is a dynamic organ that perceives and adapts to the mechanical forces it experiences through the processes of bone resorption and bone formation. This is evident in athletes, where strenuous physical activity leads to increased bone mass [1] , whereas in the case of bed rest patients [2] [3] [4] or astronauts under microgravity conditions [5, 6] , diminished functional loading leads to decreased bone quantity. Considering the strong correlation between bone architecture and its surrounding mechanical environment, some researchers have turned to a biomechanical approach in treating skeletal disorders in an attempt to harness the native mechanosensitivity of bone tissue to enhance bone structure.
Recently, low-magnitude (LM; b1 × g, where g = 9.81 m/s 2 ), highfrequency (HF; 20-90 Hz) vibrations have gained interest as studies show that such a mechanical signal can positively influence skeletal homeostasis. Studies in animals have demonstrated that LMHF vibration stimulated an anabolic response in both weight-bearing [7, 8] and non-weight-bearing [9] bone. Further, LMHF vibration is able to rescue mice from ovariectomy-induced osteoporosis [10] and decreases osteoclast activity in adolescent mouse skeleton [11] , providing evidence of LMHF vibration's anti-resorptive potential. Humans have also shown response to LMFH vibration treatment, as postmenopausal women treated with LMFH vibration stimulation gained higher bone mineral density (BMD) in the hip and spine compared to the placebo group after 6-12 months [12, 13] . Children with cerebral palsy, a disabling condition, also accrued higher BMD in the trabecular bone of the tibial and spinal regions after 6 months of vibration intervention [14] . Although the anabolic and anti-resorptive potential of LMHF vibration is becoming apparent, the underlying cellular and molecular regulation of this phenomenon is currently unknown.
The adaptation process of bone to mechanical forces is well evidenced to be the result of a series of cellular events orchestrated by osteocytes, the most abundant cells in bone. Osteocytes populate the bone tissue through a fluid-filled network comprised of cavities (termed lacunae) that house the cell bodies, and interconnect with each other and with cells on the bone surface via cellular projections running through narrow channels (termed canaliculi). Because of their unique location, osteocytes appear to be suitably placed for detecting mechanical loading [15] [16] [17] [18] and sending signals to the effector cells at the bone surface, osteoblasts and osteoclasts, which carry out the formation and resorption of bone, respectively. Indeed, osteocytes have been found to communicate with effector cells through gap junctions [19] and soluble factors [20, 21] , and such communication is mechanically regulated [22] [23] [24] [25] . In particular, fluid flow-induced shear stress stimulated osteocytic production of antiosteoclastic soluble factors [22, 23] .
Among the many signals that osteocytes release in response to mechanical stimulation, receptor activator of nuclear factor-κB ligand (RANKL) and osteoprotegerin (OPG) are the two critical molecules in regulating osteoclasts. A requisite for osteoclast formation and activation is the binding of RANKL to the RANK receptor on osteoclast precursor cells [26, 27] . RANKL is expressed primarily as a transmembrane protein in osteoblastic/stromal cells, but may be converted to a soluble form through ectodomain shedding [28] [29] [30] . Both the membrane-bound and soluble forms of RANKL are biologically active, although the former has been found to be more potent [30] . OPG, also secreted by osteoblastic cells, is a decoy receptor of RANKL. By blocking the RANKL-RANK interaction, OPG acts to antagonize the formation and survival of osteoclasts. Thus, the balance between RANKL and OPG defines the number of osteoclasts formed and their activity, which determines the rate of bone resorption.
Prostaglandin E 2 (PGE 2 ), the synthesis of which is catalyzed by the enzyme cyclooxygenase-2 (COX-2), is another important signaling molecule that osteocytes release in response to mechanical stimuli [31, 32] . PGE 2 has been reported to act on both osteoblasts and osteoclasts, and have both stimulatory and inhibitory effects. In particular, PGE 2 promotes the differentiation of osteoclasts in bone marrow cultures and spleen cell cultures in a manner that depends on its dosage, stage of osteoclast maturation, and supporting cell type [33] [34] [35] [36] . PGE 2 released by bone cells has been found to increase upon fluid flow stimulation and mediate downstream responses such as increased expression of gap junction protein connexin (Cx) 43 [37, 38] and decreased expression of OPG [39] [40] [41] .
Osteoclast formation and activity have been demonstrated to be regulated by mechanical signals. In vitro, mechanical strain [42] and physiological levels of compression [43] applied directly to primary murine marrow cells inhibited osteoclast formation, while microgravity upregulated expression of genes involved in osteoclast maturation and activity, and increased bone resorption [44] . Mechanical stimulation can also modulate osteoclastogenesis activated by cell-cell contact with stromal/osteoblastic cells via changes in their RANKL/OPG ratio: pressurization on stromal cells [45] and microgravity on osteoblasts [46] increased their ability to initiate osteoclast formation and activity, concomitant with an up-regulation of RANKL/OPG ratio. Conversely, fluid flow downregulated the RANKL/OPG ratio in murine bone marrow stromal cells and mitigated their osteoclastogenic potential [47] . Furthermore, recent studies suggest that osteoclast formation can be mechanically regulated without direct contact between osteoclast precursors and supporting cells. Soluble factors produced by osteocytes in response to fluid flow were able to decrease osteoclast formation and activity in vitro [22, 23] , suggesting that osteocytes deeply embedded in the mineralized tissue of bone may mediate bone resorption via diffusible biochemical factors.
In the present study, we hypothesized that osteocytes are able to sense LMHF vibration, and respond by secreting soluble signals that modulate the formation and activity of osteoclasts. To test this hypothesis, we subjected osteocyte-like MLO-Y4 cells to vibration at a magnitude of 0.3 × g and a frequency of 30, 60, or 90 Hz. We quantified the mRNA levels of COX-2, OPG, and RANKL and the release of several soluble factors (PGE 2 , OPG, and sRANKL). Finally, we tested how soluble factors released by osteocytes under LMHF vibration may influence the formation and activity of osteoclasts.
Methods and materials

Cell cultures
Two cell lines-MLO-Y4 and RAW264.7-were used in this study. MLO-Y4 (gift of Dr. Linda Bonewald, University of Missouri-Kansas City, Kansas City, MO) is a murine cell line that exhibits osteocyte-like morphology and several important molecular osteocyte markers [48] . RAW264.7 (American Type Culture Collection) is a murine monocyte/ macrophage cell line that differentiates into multinucleated, boneresorbing osteoclasts under RANKL stimulation alone.
MLO-Y4 cells were maintained in α-MEM (Invitrogen) supplemented with 2.5% fetal bovine serum (FBS) (HyClone), 2.5% calf serum (CS) (HyClone), and 100 U/ml Penicillin and 100 μg/ml Streptomycin (1% P/S) (Invitrogen) on type I rat tail collagen (BD Biosciences)-coated plates at 37°C and 5% CO 2 . Two days prior to vibration experiment, MLO-Y4 cells were plated in collagen-coated 6-well plates at a density of 4 × 10 5 cells/well for mRNA quantification and 3 × 10 5 cells/well for conditioned medium (CM) collection. This ensured that a maximum confluency of 80% was reached at the end of the experiment. RAW264.7 cells were maintained in DMEM (Invitrogen) supplemented with 10% FBS (HyClone). To induce osteoclast formation, 20 ng/ml soluble RANKL (sRANKL) (R&D Systems) was added to RAW264.7 cells seeded at a density of 1 × 10 4 cells/well in a 24-well plate (day 0). The effect of soluble factors released by osteocytes on osteoclastogenesis was studied using the CM collected from MLO-Y4 cells. After 24 h, the medium was replaced with a 1:1 (v/v) mixture of CM and growth medium. This procedure was repeated every subsequent day until day 5, when the cultures were fixed and stained for tartrate-resistant acid phosphatase (TRAP). Osteoclasts were identified as TRAP-positive cells containing three or more nuclei (RAW-OC). To quantify the number of RAW-OCs and the number of nuclei in each cell, five random fields of view per well were captured under microscope (100× magnification). To assess osteoclast activity, the same culture protocol described above was repeated on a synthetic calcium-phosphate surface (BD BioCoat™ Osteologic™, BD Biosciences) at a density of 1 × 10 3 cells/well for 7 days. Cells were then removed with bleach and the surface was treated with von Kossa staining. Resorbed areas were identified as regions that did not stain for von Kossa, and imaged under microscope (200× magnification). Image analysis was performed using ImageJ (NIH, version 1.42) in which the resorbed areas were defined manually and the number of pixels within each resorbed area was obtained.
Low-magnitude, high-frequency vibration
The system consisted of a custom-made vibration platform attached to a shaker (ET-127, Labworks Inc.) ( Fig. 1 ) that delivered vertical vibrations. The amplitude, waveform, and frequency of the vibration provided by the shaker were controlled with VibeLab computer program (Labworks Inc.). Peak-to-peak acceleration was measured at the center of the vibration plate with a piezoelectric accelerometer (8632C5, Kistler), which output a voltage signal to the computer for feedback control between the desired and measured waveforms. We evaluated the signal's consistency by taking an average of the accelerometer reading at six random time points. The accelerometer was verified to measure 0.3 × g within less than 0.1% error.
The system was housed in an ambient gas condition. To bring the temperature to approximately 37°C, a heater placed in the vicinity of the shaker was turned on for at least 15 min before the cells were placed on the vibration platform and throughout the duration of the experiment.
To prevent fluid perturbation within the wells (and thus possible fluid shear stimulation on the cells) when vibrations were applied, culture wells containing MLO-Y4 cells of both the vibrated and nonvibrated groups were completely filled with working medium (α-MEM supplemented with 1% FBS, 1% CS, and 1% P/S) and tightly sealed with gas permeable sealing film (Excel Scientific) immediately prior to vibration. To confirm that there was no significant vibration-induced shear stress on osteocytes, we estimated the possible level of shear stress τ (Eq. (1)) assuming there was a very small displacement of fluid arising from vibrations. A sinusoidal vibration signal at 0.3 × g and 30 Hz (i.e. ∼10 −2 s/cycle) generates a peak-to-peak displacement of ∼ 10 −7 m (the largest displacement engendered compared to signals at 60 or 90 Hz). Thus, the velocity of the fluid u, or displacement over time, was estimated to be on the order of 10 −5 m/s. The dynamic viscosity μ of the liquid was approximated by water's viscosity at room temperature as 10 −3 Pa·s. Finally, the characteristic length of the fluid movement δy was defined as the width of the well in a 6-well plate, which is on the order of 10 −2 m. Based on the estimated magnitudes of the relevant parameters, the maximum level of vibration-induced shear stress was estimated to be 10 −6 Pa, which is at least five orders of magnitude lower than those that are known to excite bone cells in vitro [22, 49] .
MLO-Y4 cells in the experimental group were subjected to 30, 60, or 90 Hz of sinusoidal vibrations at 0.3 × g for 1 h. The frequencies and acceleration amplitude were chosen based on various animal and human vibration studies that reported positive bone remodeling [7] [8] [9] 12, 14] . Cells in the non-vibrated group were cultured and sealed in a similar manner, but were placed on a stationary plate for 1 h. Immediately following the completion of vibration procedure, the cells were lysed for RNA isolation and mRNA analysis. For the Conditioned Medium (CM) study, following the 1 h of vibration or control stationary period, cells in both the vibrated and non-vibrated groups were incubated with fresh growth medium (0.5 ml/well for 0.5 h time point, 1 ml/well for other time points as indicated), which was then collected as CM and stored at −20°C until subsequent analysis or use.
mRNA quantification
Total RNA was isolated from MLO-Y4 cells using RNeasy Mini kit (Qiagen) and treated with DNase I (Fermentas) to remove any contaminating genomic DNA. Reverse transcription was performed on 2 μg RNA using SuperScript III (Invitrogen). The resulting cDNA samples were subjected to quantitative PCR (qPCR) using genespecific primers and SYBR Green I Master Mix (Roche) in LightCycler 480 (Roche). Standards and samples were run in triplicate. mRNA levels of each gene of interest were normalized to 18S levels. Mousespecific primers for COX-2, OPG, RANKL and 18S are listed in Table 1 .
Quantification of prostaglandin E 2 (PGE 2 )
Supernatant levels of PGE 2 were quantified using enzyme-linked immunoassay (Cayman Chemicals) per manufacturer's instructions. Values were normalized to total protein content, measured using BCA™ Protein Assay Kit (Pierce).
ELISA
Supernatant levels of RANKL and OPG in CM were measured using Quantikine Mouse RANKL Immunoassay and Quantikine Mouse OPG Immunoassay (R&D Systems), respectively, per manufacturer's instructions. Values were normalized to total protein content.
Statistical analysis
Two-tailed t-test was used to compare means between two groups. One-way ANOVA was used to compare means of more than two groups, followed by Tukey post-hoc test. A significance level of 0.05 was employed. Data presented are representative of one experiment and reported as mean ± standard deviation. All experiments have been repeated for two to three times.
Results
LMHF vibration upregulates COX-2 mRNA level but decreases PGE 2 release
As an upregulation in COX-2 gene expression has been found in bone cell's early response to fluid flow stimulation [50] , we measured COX-2 mRNA levels in MLO-Y4 osteocytes under LMHF vibration. One hour of LMHF vibration loading on MLO-Y4 cells induced significant changes in the mRNA level of COX-2 at all frequencies compared to 0 Hz stationary control ( Fig. 2A) . Specifically, there is a trend of increasing COX-2 mRNA level as the frequency increased, indicating a dose-dependent relationship between mRNA expression and vibration frequency. At 90 Hz, the COX-2 mRNA level was elevated by 3.4-fold (p b 0.01) compared with the stationary control.
Since fluid flow is known to upregulate COX-2-mediated PGE 2 production in osteocytes [31, 49, 51] , we next determined whether LMHF vibration had a similar effect. We collected CM immediately following 1 h of vibration and found a significant decrease in the levels of PGE 2 in the vibration group (−61%, p b 0.01) compared with the stationary control (Fig. 2B) .
LMHF vibration downregulates RANKL mRNA and protein levels
We investigated whether LMHF vibration alters the RANKL/OPG signaling axis in osteocytes. One hour of LMHF vibration loading on MLO-Y4 cells decreased RANKL mRNA levels at all frequencies, and most significantly at 60 Hz (−55%; p b 0.01) (Fig. 3A) . Although the mRNA level of OPG was not altered (Fig. 3B) , the decrease in RANKL contributed to a significant decrease in RANKL/OPG ratio at all frequencies (Fig. 3C) . Together, these data suggest that LMHF vibration drives mRNA expression changes towards an anti-resorptive effect.
Considering our observed changes in RANKL mRNA expression and previous reports of altered sRANKL/OPG protein production under fluid flow, we next investigated whether LMHF vibration may cause MLO-Y4 cells to produce a lower amount of sRANKL. We collected CM at various time points (0.5, 2, 6, 24 h) post-vibration and measured the amount of OPG and sRANKL using ELISA. Despite previous reports of OPG release by MLO-Y4 cells [22] , we were not able to detect any OPG at all time points. For sRANKL, the amount was decreased by 53% in the CM collected at 30 min post-vibration from the vibrated MLO-Y4 cells (Fig. 4) . At as early as 2 h post-vibration, the amount of sRANKL returned to control levels.
Conditioned medium from the vibrated MLO-Y4 cells inhibits formation of large osteoclasts
Previous studies have shown that fluid flow caused osteocytes to secrete soluble factors that inhibited osteoclast formation and activity [22, 23] . To investigate whether LMHF vibration has similar effects, CM was collected from MLO-Y4 cells 30 min after the completion of 1 h of LMHF vibration at 60 Hz. RAW264.7 monocytes were induced to form osteoclasts with sRANKL in the presence of 50% CM from either the vibrated or the non-vibrated MLO-Y4 osteocytes. After 5 days in culture, TRAP-positive, multinuclear cells were observed (Fig. 5A ). In the vibration group, there was a small but insignificant decrease in the total number of RAW-OCs containing three or more nuclei per cell (Fig. 5B) . However, upon closer examination, the population of RAWOCs containing 10 or greater number of nuclei was found to be significantly lower in the cultures containing CM from the vibrated osteocytes (−36%, p b 0.05) (Fig. 5C) .
Since the number of nuclei in an osteoclast has been linked to the cells' bone-resorbing potential [52, 53] , we next investigated whether the vibrated MLO-Y4 osteocytes produced diffusible factors that affected the activity of osteoclasts. RAW-OCs were formed under the same condition as described above but on a synthetic calciumphosphate surface. After 7 days in culture, areas of calcium-phosphate resorption were observed (Fig. 6A) . Osteoclasts cultured in the presence of CM from the vibrated MLO-Y4 cells resorbed less calcium-phosphate than the control counterpart containing CM from the non-vibrated cells (−20%, p = 0.07) (Fig. 6B ).
Discussion
In this study, we aimed to investigate the underlying cellular and molecular mechanism by which LMHF vibration plays an antiresorptive role in bone. We found that MLO-Y4 osteocytes responded to LMHF vibration at both the transcript and protein levels, and secreted soluble factors that inhibited osteoclast formation. There was also a trend of decreased osteoclast resorption activity.
Consistent with results from the studies of bone cells under fluid flow, exposure to 1 h of LMHF vibration led to a significant upregulation of COX-2 mRNA expression [54] [55] [56] . Interestingly, we found a significant decrease in the amount of PGE 2 secreted by MLO-Y4 cells under vibration loading, which is consistent with the results by Bacabac et al., who showed that vibration loading decreased PGE 2 release in osteoblasts while COX-2 was upregulated in a frequencydependent manner [57] . Cherian et al. recently showed that fluid-flow induced PGE 2 release in osteocytes was mediated through the opening of Cx43 hemichannels [58] . Future studies will help elucidate possible mechanisms of reduced PGE 2 release under vibration stimulation. As PGE 2 is known to stimulate osteoclast formation and activation [33] [34] [35] [36] , the biological significance of inhibited PGE 2 release by vibration may be an anti-resorptive effect.
As RANKL/OPG is the major signaling axis controlling osteoclast formation, activation, and survival, we measured RANKL and OPG mRNA expression changes in the vibrated MLO-Y4 cells. Cells under vibration expressed a significantly lower level of RANKL mRNA. Due to an unaltered level of OPG, the overall RANKL/OPG ratio was decreased. In contrast, You et al. demonstrated that oscillatory fluid flow induced an increase in the expression of both OPG and RANKL in MLO-Y4 cells, but also an overall decrease in the RANKL/OPG ratio [22] . This suggests that the two mechanical stimuli may have a similar functional outcome on bone (e.g. decreased osteoclast activity) via regulation of the RANKL/OPG axis, but the immediate response to the two different forms of mechanical stress may be exerted via different pathways upstream of RANKL/OPG signaling depending on the particular mechanical signal.
We continued to measure the amount of sRANKL secreted by MLO-Y4 osteocytes under vibration loading. RANKL exists primarily as membrane-bound form, but may be released from the plasma membrane through ectodomain shedding. Our ELISA data indicated that at 30 min post-vibration, the amount of sRANKL significantly decreased in the CM collected from the vibrated MLO-Y4 cells compared with the non-vibrated MLO-Y4 cells. Because of the relatively short time span over which the phenomenon was observed, we speculate that vibration loading likely inhibited RANKL release from the membrane as opposed to inhibiting de novo protein synthesis. Future studies investigating the effect of LMHF vibration on recently proposed candidates of RANKL sheddases (e.g. TNF-α converting enzyme (TACE) [28] , metalloproteinase (MMP)-7 [59] , and MMP-14 [30] ) may elucidate the precise mechanism.
The physiologic and pathologic significance of RANKL shedding are currently unclear. An overexpression of soluble RANKL in transgenic mice induced severe osteoporosis by accelerated osteoclastogenesis. Furthermore, in a mouse model of prostate cancer metastasis in bone, solubilization of RANKL by MMP-7 contributes to tumor-induced osteolysis [59] . In contrast, Hikita et al. proposed that ectodomain shedding in osteoblasts may work as a negative regulator of local bone resorption by reducing membrane-bound RANKL [30] , which was shown to be more potent than the soluble form [29] . In the case of osteocytes, however, their anatomical location likely provides limited cell-cell contact with osteoclast precursors and thus a lower level of membrane-bound RANKL-RANK interaction compared with osteoblasts at the bone surface. Thus, osteocytes may contribute to the RANKL/OPG balance via regulation of soluble RANKL, and inhibit osteoclastogenesis by decreasing the amount of RANKL cleaved from the membrane.
We attempted to measure the amount of OPG in the CM of MLO-Y4 cells, but the levels of OPG at all post-vibration time points (0.5, 2, 6, 24 h) were below the detection threshold of the ELISA kit (31.2 pg/ ml) for both the vibrated and non-vibrated groups. To determine whether the lack of OPG was due to the manipulation of the cells associated with the experiment, we sampled the CM from the MLO-Y4 cells maintained in culture, but again could not quantify any OPG. The reason for the absence of OPG release is unclear, although others have previously reported OPG release from MLO-Y4 cells [22] . The possibility of over-subculturing leading to altered protein expression profile is unlikely, as the passage number of the cells used in the experiments was relatively low (passage nos. [24] [25] [26] [27] [28] [29] [30] . Despite the lack of OPG release, the behavior of our MLO-Y4 cells appeared normal, as they exhibited the typical dendritic morphology and the same cellular responses reported by other groups when stimulated by fluid flow [22, 60] .
Based on our observed differential levels of PGE 2 and sRANKL, we expected that osteocytes might detect LMHF vibration and respond by secreting diffusible signals that act on osteoclastic cells. Indeed, when cultured in the presence of CM from the vibrated MLO-Y4 cells, the number of TRAP-positive, multinuclear cells was moderately decreased, concomitant with a significantly lower number of large osteoclasts formed (those containing ≥10 nuclei per cell). As large osteoclasts are associated with higher resorbing capability [53, 61] , the data suggests that the vibrated MLO-Y4 osteocytes secrete soluble signals that inhibit not only the formation of osteoclasts, but also the amount of bone resorption. This was supported by the finding that RAW-OCs cultured in the presence CM from the vibrated MLO-Y4 osteocytes resorbed a moderately lower amount of calcium-phosphate (−20%, p = 0.07).
In our study, the observed vibration-induced changes in mRNA expression were frequency-dependent, as a greater fold change was observed as the frequency increased. COX-2 mRNA expression peaked at 90 Hz, while RANKL mRNA expression was decreased most significantly at 60 Hz, suggesting that there is an optimal frequency at which the signal is most anabolic/anti-resorptive. This possibility is supported by in vivo LMHF vibration studies, where vibration at 90 Hz was more anabolic than vibration at 45 Hz in ovariectomized rats [8] . Interestingly, in an animal model involving orthodontic tooth movement, Nishimura et al. found that when teeth were subjected to vibrations at their resonance frequency (i.e. the frequency that produced the largest amplitude of vibration to the periodontal tissue, which in this case occurred at approximately 60 Hz), the speed of tooth movement was accelerated, along with an increased number of osteoclasts and enhanced expression of RANKL in the alveolar bone. These data confirm the existence of a frequency-dependent effect of vibration stimulus on the skeleton, and suggest that the exact outcome on bone remodeling may be largely dependent on the structure and function of different bones.
The mechanism behind the frequency dependency of osteocyte response to vibration is not well understood. In a previous in vitro study involving application of fluid flow to bone cells, a larger percentage of rat osteoblasts responded in the form of intracellular calcium oscillations when loading was applied at a lower frequency (0.2 Hz) compared to at 1 Hz [62] , while another study showed that nitric oxide (NO) production in MC3T3-E1 cells increased linearly with the rate of fluid shear stress (where frequency was varied between 5 and 9 Hz) [63] . A possible explanation is that due to the viscoelasticity of cells, cells are less stiff and thus more deformable (and responsive) at lower rates of loading (below 1 Hz). However, at higher frequencies, the mechanical signal may excite bone cells via different mechanotransducing machinery independent of cellular deformation. Bacabac et al. proposed that the cellular component responsible for sensing high-frequency vibration might be the nucleus [57] .
The effects observed in our current study are a direct result of MLO-Y4 cells being subjected to vibration loading, as our experimental set-up delineated fluid flow-induced effects from vibration effects by minimizing the movement of fluid in the system. In vivo, the precise mechanical stimulus pattern and magnitude experienced by osteocytes at the cellular level when the whole body is subjected to LMHF vibration are currently unknown. However, the transmissibility of whole-body vibration to the axial skeleton in human subjects was confirmed by Rubin et al., who showed that the vibration signal was maximally transmitted (∼80%) to the hip and spine when subjects were in a standing position. There is ongoing effort in using mathematical modeling to better characterize the signal at the cellular level [57] .
Recent animal studies suggest that LMHF vibration has the ability to direct the lineage commitment of bone marrow-derived mesenchymal stromal cells (BM-MSCs) [64, 65] by biasing cell fate in favor of osteogenesis over adipogenesis. However, currently there is no direct evidence demonstrating the role of BM-MSCs in the mechanotransduction of LMHF vibration. Considering the cellular heterogeneity of the bone marrow compartment in which BM-MSCs reside, heterotypic cellular interactions are likely to influence the cell fate of this progenitor population [66, 67] . As osteocytes have been shown to affect osteogenesis via soluble factors [20] , osteocytes may play a role in directing the MSC fate via soluble factors under the stimulation of LMHF vibration.
In conclusion, our data provides a first glimpse at how osteocytes respond to low magnitude, high-frequency vibration. Osteocytes appear to mediate the anti-resorptive effect associated with LMHF vibration found in vivo. At the transcript level, LMHF vibration drives gene changes that favor anti-resorptive effects. This conclusion is further supported by the observation that under LMHF vibration, MLO-Y4 cells secrete soluble factors that inhibit the number and the size of the osteoclasts formed. A decrease in sRANKL and PGE 2 secreted by vibrated osteocytes suggest that RANKL and PGE 2 may be involved in the inhibitory effects of LMHF vibration on osteoclastogenesis.
